Microstructures and tensile properties of a martensitic steel F82H (Fe-8Cr-2W-0.1C-0.2V-0.04Ta) were examined as a function of time and temperature of tempering. A heat treatment was performed at temperatures from 750 to 800 C for 0.5 h after the normalizing at 1040 C for 0.5 h. The tempering time at 750 C was varied from 0.5 to 10 h. The tensile specimens were irradiated at 250 C to a neutron dose of 1.9 dpa in the JMTR (Japan Materials Testing Reactor), and tensile tests were carried out at 250 C after the irradiation. The microstructures of the nonirradiated specimens were observed by a transmission electron microscope. The density of dislocations decreased with increasing time and temperature of the tempering, and the size of M 23 C 6 carbide increased with it. While the yield stress of the non-irradiated specimens decreased with increasing time and temperature of tempering, the yield stress of the irradiated specimens tended to increase with increasing temperature of the tempering. The yield stress of the irradiated F82H steel changed from about 525 to 750 MPa and depended on the conditions of tempering treatment before irradiation.
Introduction
Reduced-activation ferritic/martensitic steels are candidate materials for the blanket structure of fusion reactors and target vessel of spallation neutron source. Radiation-hardening of 9%Cr martensitic steels irradiated by neutrons occurrs mainly at irradiation temperatures lower than about 400 C, and it increases with decreasing irradiation temperature down to 250 C. 1, 2) The shift of DBTT also increases with decreasing irradiation temperature, and the shift increases largely for irradiation at 250 C. 3, 4) Several researchers [1] [2] [3] [4] [5] [6] [7] reported that the increase of yield strength and the shift of DBTT were different in several martensitic steels, such as F82H, JLF-1, JLF-1B, ORNL 9Cr-2WVTa, OPTIFER Ia, II, MANET II and Mod.9Cr-1Mo, which had different concentrations in some elements and were tempered at different temperatures. The effects of the normalizing and tempering of heat treatment on tensile and impact behavior in martensitic steels before irradiation were reported by Schafer 8) and Gondi. 9) However, the mechanisms of the changes of yield strength and DBTT due to irradiation in these martensitic steels are not clear, and it is necessary to reveal the effects of heat treatment and impurities on them. The optimum heat treatment will be required to improve resistances to radiation hardening and embrittlement. In this study, the microstructures of F82H tempered at different conditions has been observed, and tensile properties of F82H, tempered at different conditions, irradiated at 250 C to a neutron dose of 1.9 dpa has been examined.
Experimental Procedure
The chemical composition of F82H used in this study are shown in Table 1 . The specimens were first normalized at 1040 C for 0.5 h and tempered at 750 C for 1 h. A second heat treatment was performed on the F82H steel, which was secondly normalized at 1040 C for 0.5 h and tempered at temperatures of 750, 780 and 800 C for 0.5 h. The tempering time at 750 C was varied between 0.5 and 10 h. SS-3 tensile specimens were prepared from the normalized and tempered F82H. The SS-3 sheet tensile specimens were 0.76 mm thick with a gage length of 7.62 mm and 1.55 mm in width. Irradiation was carried out in the Japan Materials Test Reactor (JMTR) to neutron fluences of 1:2 Â 10 21 n/cm 2 (E > 1 MeV) and 2:2 Â 10 21 n/cm 2 (E < 0.5 MeV), resulting in a displacement damage value of 1.9 dpa. Capsule 00M-61A, nominally at 250 C, was a shrouded type with reactor coolant flowing over an aluminum cladding tube containing the specimens; gamma-heating was used to raise the specimen temperature. After irradiation, tensile testing was carried out in argon gas at 250 C at a strain rate of 4:4 Â 10 À4 s À1 . of M 23 C 6 carbide of F82H tempered at 750 C increased with the tempering time from 1 h to 10 h.
Results and Discussion
The changes of tensile properties with tempering temperature and time in F82H steel irradiated at 250 C to 1.9 dpa are shown in Figs. 3 and 4 . The yield stress of F82H steel tempered at 780 and 800 C was lower than that tempered at 750 C before irradiation, but the former was higher than the latter after irradiation as given in Fig. 3 . The yield stress of F82H steel tempered at 750 C before irradiation decreased with increasing the tempering time. After the irradiation, the yield stress did not increase linearly with it as seen in Fig. 4 . The yield stress of F82H tempered at different conditions is shown in Fig. 5 , and the yield stress of F82H tempered at 750 C was smaller than those tempered at higher temperatures. The ability to strain harden was low for the F82H (UE: from 0.3 to 0.4%). The fracture surfaces after the tensile testing are shown in F82H steels tempered at 750, 780 and 800 C for 0.5 h, respectively, as shown in Figs. 6(a)-(c), and the reduction area of F82H tempered at 750 C is somewhat larger than the others.
Microstructures of martensitic steels, such as dislocations, carbides and lath width, depend strongly on the temperature and time of tempering. The density of dislocations of F82H decreased with increasing temperature and increasing time of tempering.
10) The concentration of carbon in solution in the matrix will increase with tempering temperature and time. In the specimen tempered at higher temperatures, the sink density for point defects due to dislocations becomes lower and the formation of dislocation loops may increase and the growth rate of dislocation loops will increase. The mobility of interstitial atoms in martensitic steels will be reduced with increasing an concentration of carbon in solution, and the formation of dislocation loops will also increase. Radiationhardening can be evaluated by Orowan's theory for athermal bowing of dislocations around obstacles on a slip plane [11] [12] [13] and depends on the number density and size of defect clusters. The changes of sink density and the concentration of carbon in solution can affect the formation and growth of dislocation loops, and therefore, radiation hardening should depend on the temperature and time of tempering.
Conclusion
The dependence of tensile properties on tempering time and temperature and microstructures resulting from different heat treatments were examined for a martensitic steel F82H (Fe-8Cr-2W-0.2V-0.04Ta-0.1C) irradiated at 250 C to 1.9 dpa in JMTR. The tensile testing was performed at 250 C. A heat treatment was performed at temperatures from 750 to 800 C for 0.5 h after the normalizing at 1040 C for 0.5 h. The tempering time at 750 C was varied from 0.5 to 10 h. The results obtained are as follows:
(1) The yield stress of the irradiated F82H steels depended on the tempering conditions, and yield stress of F82H tempered at higher temperatures was higher than that tempered at lower temperature. (2) The tempering conditions in this experiment are in the regime of standard heat treatment for martensitic steels, and it is thought to be an effective method to provide the steels with high resistances to radiation hardening.
